We present a method for fabricating polymer brushes with a gradual variation of grafting density on solid substrates. The technique for generating such structures consists of: i) deposition of a molecular gradient of polymerization initiator on the solid substrate, and ii) polymerization from the substrate bound initiator centers ("grafting from"). In this publication we describe the preparation of gradient polymer brushes of poly(acryl amide) on silica-covered substrates. We show that the polymer density within the gradient polymer brush can be varied by controlling the polymerization time.
INTRODUCTION
Recent advances in the field of self-assembly have led to the development of a plethora of new technologies based on soft lithography [1] , that enable alternative ways of fabricating two and three dimensional patterns on material surfaces. Most of the soft lithography techniques are based on controlled deposition of self-assembled monolayers (SAMs) [2] . Various structural patterns with dimensions ranging from hundreds of nanometers to several micrometers are created on the material surface using a "pattern-transfer element" or stamp that has a threedimensional structure moulded onto its surface. Because of the molecular nature of the SAMs, the surface patterns generated via "soft lithography" are rather thin (several Angstroms to several nanometers). Some applications, particularly those involving subsequent microfabrication steps, such as etching, require that thicker layers of the surface coating be formed. Hence techniques, involving the patterning of thicker polymer layers grafted to the substrate have been developed [3] . The latter group of technologies is based on selectively decorating the material surfaces with polymerization initiators and then performing the polymerization directly on the surface ("grafting from"). Using this technology, the thickness of the overcoat film can be adjusted by simply varying the polymerization conditions (time, monomer concentration, temperature).
While useful for creating substrates with well-defined dimensional chemical patterns of various shapes and dimensions, the soft-lithography technologies always produce sharp boundaries between the distinct chemical regions on the substrate. However, for some applications, it is desirable that the physico-chemical characteristics, such as wetting of the substrate change gradually. This can be accomplished by producing surfaces with a position dependent and gradually varying chemistry. In these so-called "gradient surfaces", the gradient in surface energy is responsible for a position-bound variation in physical properties, most notably the wettability [4] . Recent studies have reported on the preparation of molecular gradients on length scales ranging from nanometers to centimeters [5, 6] .
All gradient techniques presented to date led to the formation of two-dimensional gradient patterns. As mentioned earlier, manufacture of miniature devices and applications in lithography often requires the formation of three-dimensional structures. In this paper we offer a method of forming such structures with material characteristics varying gradually in all three dimensions. Specifically, we combine the earlier method of preparing molecular gradients on solid flat substrates with the surface initiated polymerization. We demonstrate that this simple strategy allows for generation of structures with gradual variation of polymer grafting density across the substrate.
EXPERIMENT
We formed gradient of polymerization initiator on silica substrates using the methodology proposed by Chaudhury and Whitesides [4] . Specifically, 1-trichlorosilyl-2-(m-pchloromethylphenyl)ethane (CMPE) (United Chemical Technologies, Inc.) was mixed with paraffin oil (PO) and the mixture was placed in an open container that was positioned close to an edge of a silicon wafer. As CMPE evaporated, it diffused in the vapor phase and generated a concentration gradient along the silica substrate. Upon impinging on the substrate, the CMPE molecules reacted with the substrate -OH functionalities and formed an organized self-assembled monolayer (SAM). The breadth and position of the CMPE molecular gradient can be tuned by varying the CMPE diffusion time and the flux of the CMPE molecules. The latter can be conveniently adjusted by varying the chlorosilane:PO ratio and the temperature of the CMPE:PO mixture. In order to minimize any physisorption of monomer and/or the polymer formed in solution on the parts of the substrate that do not contain the CMPE-SAM, we backfilled the unexposed regions on the substrate (containing unreacted -OH functionalities) with n-octyl trichlorosilane, (OTS) (Gelest, Inc.). After the OTS-SAM deposition, any physisorbed CMPE and OTS molecules were removed by thoroughly washing the substrates with warm deionized water (75°C, > 16 MΩ . m) for several minutes. The polymerization of poly(acryl amide) (PAAm) was performed by atom transfer radial polymerization (ATRP), as described earlier [7, 8] , by placing the samples into 120 mL of N,N'-dimethylformamide and by adding 0.3 g of CuCl, 1.0 g of bipyridine, and 16.0 g of acrylamide (all obtained from Aldrich and used as received). The flask was sealed under N 2 , placed into an oil bath, and the mixture was reacted at 130°C for controlled time to form PAAm brushes on silica substrates. After the reaction, any physisorbed monomeric and polymeric acrylamide was removed by soxhlet extraction with deionized water for 48 hours.
Contact angle experiments were performed using a Ramé-Hart contact angle goniometer (model 100-00) equipped with a CCD camera, and analyzed with the Ramé-Hart software. The advancing contact angles were read by injecting 6 µL of probing liquid; the receding contact angles were determined by removing 3 µL of probing liquid from the droplet. Each data represents an average over five measurements on the same sample. The data points have an error better than ±1.5°. We used near edge x-ray absorption fine structure (NEXAFS) to study the chemistry and molecular orientation of the SAMs surfaces. The NEXAFS experiments were carried out on the U7A NIST/Dow Materials Soft X-ray Materials Characterization Facility at the National Synchrotron Light Source at Brookhaven National Laboratory (NSLS BNL). The thickness of SAM and the polymer layer was measured using a fixed geometry, fixed wavelength (λ = 638 nm) ellipsometer (Rudolph Technologies, model AutoEL II). The thickness was evaluated from the measured ellipsometric angles ∆ and ψ using the two-layer model in the DAF-IBM software. Following previous work, we assumed that the indices of refraction of the SAMs and PAAm were equal to 1.45 and 1.54, respectively [7] . Figure 1 shows the variation of the contact angle of deionized water, θ DIW , on CMPE-SAM covered substrate (closed circles) and the substrate that was backfilled with the OTS-SAM (open circles) as a function of the position on the substrate. The CMPE source was allowed to diffuse for 2 minutes at 88°C, the OTS was deposited for 15 minutes at room temperature. The data in Fig. 1 shows that the contact angle of CMPE decreases gradually from ≈77° down to ≈0° as one moves across the substrate starting at the CMPE side. The solid circles indicate that after the OTS deposition, the regions on the substrate far from the diffusing source are covered with a complete monolayer of OTS (contact angle ≈100°). As one traverses across the CMPE gradient, the contact angle decreases from ≈100° (OTS side) down to ≈88° (CMPE side). The minute increase of the contact angle within the CMPE-SAM is likely a result of a small interpenetration of OTS into the CMPE SAM. Ellipsometry measurements confirmed that only a single SAM monolayer was adsorbed everywhere on the substrate.
RESULTS
NEXAFS spectroscopy was used to provide detailed chemical and structural information about the SAMs on the substrate [9] . The NEXAFS spectra were collected in the partial electron yield (PEY) at the normal (θ = 90°), grazing (θ = 20°), and so-called "magic" angle (θ = 55°) [9] incidence geometries, where θ is the angle between the sample normal and the polarization vector of the x-ray beam. Figure 2a shows the carbon edge K-edge NEXAFS spectra taken from CMPE-SAM (top) OTS-SAM (bottom) samples. NEXAFS spectra collected at the "magic" angle were indistinguishable from those recorded at the normal and grazing incidence geometries, revealing that the SAMs were not oriented, rather they formed a "liquid-like" structure. This observation is in accord with recent studies from Chaudhury and Allara groups that reported that the borderline between the "liquid-like" and "semi-crystalline-like" structures in hydrocarbon SAMs exists somewhere around -(CH 2 ) 12 - [10] . The NEXAFS spectra in Fig. 2 both contain peaks at 286.0 and 288.5 eV that correspond to the 1s→σ* transition for C-H and C-C bonds, respectively. In addition, the spectrum of CMPE also exhibits a very strong signal at 284.2 eV, which can be attributed to the 1s→π* transition for phenyl C=C [9] . The latter signal can thus be used as an unambiguous signature of the CMPE in the sample. With the x-ray monochromator set to 284.2 eV, we collected the PEY NEXAFS signal by scanning the x-ray beam across the gradient. Figure 3 shows the variation of the PEY NEXAFS intensity collected at 284.2 eV across the gradient sample. The functional dependence indicates that the NEXAFS intensity from the C=C phenyl bond and thus the concentration of CMPE in the sample decreases as one moves from the CMPE side of the sample towards the OTS-SAM; the functional form closely resembles that of a diffusion-like profile. Moreover, the profile width (≈ 30 mm) is in accord with that obtained from the position-dependent contact angle data (cf. Fig. 1 ).
After the preparation of the CMPE-gradient substrate, the ATRP polymerization of PAAm was performed as described previously. Figure 4 shows the variation of the apparent PAAm brush thickness along the substrate (solid circles) and the DI water contact angle measured on the PAAm brushes (open circles). The CMPE initiator was deposited using the technique described earlier by diffusing CMPE for 2 minutes at 88°C. The polymerization was carried at 130°C for a) 15 hours, and b) 45 hours. In both cases the apparent thickness of the polymer brush decreases gradually as one moves across the substrate starting at the CMPE edge. Because the polymers grafted on the substrate all have roughly the same number of segments, the variation of the polymer film thickness can be attributed to the difference in the density of the CMPE grafting points on the substrate. This conclusion can be further justified by the fact that the width of the polymer thickness gradient agrees with that of the CMPE gradient determined from the contact angle (cf. Fig. 1 ) and NEXAFS (cf. Fig. 3 ) measurements. This behavior thus indicates that the gradient in polymer thickness mimics that of the CMPE-SAM. The thickness of the PAAm film on the CMPE-SAM increases with increasing polymerization time. Specifically, by increasing the polymerization time from 15 hours to 45 hours, the PAAm film thickness increases from ≈2.9 nm to ≈9.2 nm. Because the grafting density of the brushes remained fixed, increasing the polymerization time resulted in the increase of the grafted polymer length. Evidence for this behavior can be gathered by examining the contact angles of water on the grafted polymer brushes. The contact angles of DI water on the dense part of the polymer brush were ≈70 and ≈47° for the 15 and 45 hours polymerizations, respectively. These results thus show that while in the former case the probing liquid penetrated pores in the PAAm brush and presumably sensed also the hydrophobic initiator, in the latter case a value expected for pure PAAm was achieved.
We are currently in the process of measuring the number of segments of the grafted polymers on the substrates. By knowing this, one can readily convert the thickness measurements into polymer grafting density. We hope that with this set up we would be able to probe both the "brush regime" (dense polymer layer) as well as the "mushroom regime" (loose polymer layer) and for the first time determine the nature of the "mushroom-to-brush" transition on a single sample. We note that this polymer gradient technology as described here can be further enhanced by combining with "mechanically assisted polymer assembly" (MAPA), a technique recently developed in our group [8] . MAPA is based on carrying out surface polymerization on elastomeric substrates, such as poly(dimethyl siloxane) (PDMS) network that have been previously mechanically stretched. After the polymerization, the strain is removed from the PDMS substrate and the grafted macromolecules stretch away form the substrate forming a The CMPE initiator was deposited using the technique described in the text; the deposition time and temperature were 2 minutes and 88°C, respectively, the PAAm polymerization was carried at 130°C for: a) 15 hours, and b) 45 hours. dense polymer brush whose grafting density can be smoothly adjusted by varying the extension of the flexible substrate.
CONCLUSIONS
We have presented a method for preparing polymer brushes with gradient variation of their grafting densities on solid substrates. The technique consists of: i) a generation of a molecular gradient of polymerization initiator on a solid substrate, and ii) polymerization from the substrate bound initiator centers ("grafting from"). In this publication we described the preparation and properties of gradient polymer brushes of poly(acryl amide) on silica-covered substrates. Specifically, we showed that the polymer density within the gradient polymer brush can be varied by controlling the polymerization time.
